Macrophage colony-stimulating factor (M-CSF) regulates cholesterol metabolism in vivo and in vitro. We studied the effects of M-CSF on enzyme activities of acidic cholesteryl ester (CE) hydrolase, neutral CE hydrolase, and acyl-coenzyme A:cholesterol acyltransferase (ACAT), all of which are involved in cellular cholesterol metabolism in macrophages. During the differentiation of monocytes to macrophages, these enzyme activities were induced and further enhanced in response to M-CSF. M-CSF (100 ng/ml) enhanced acidic and neutral CE hydrolase and ACAT activities by 3.2-, 4-, and 2.3-fold, respectively, in the presence of acetyl LDL. The presence of acetyl LDL influenced these enzyme activities. ACAT and acidic CE hydrolase activities were increased and neutral CE hydrolase activity was decreased, indicating that these enzymes are regulated by intracellular cholesterol enrichment. M-CSF increased the ratios of acidic CE hydrolase to ACAT activity and of neutral CE hydrolase to ACAT activity. The 
Introduction
Human macrophage colony-stimulating factor (M-CSF)' of 85 kD, which is produced by monocyte-macrophage lineages, endothelial cells, and fibroblasts, promotes growth and differentiation of monocyte-macrophage lineages and activates various functions of mature macrophages through a specific receptor encoded by protooncogene c-fms (1) (2) (3) . In recent studies, we demonstrated that (a) M-CSF stimulates the clearance of lipoproteins containing apolipoprotein B-100 via both LDL receptor-dependent and -independent pathways in rab-bits (4), (b) M-CSF stimulates the secretion of lipoprotein lipase and apolipoprotein E from macrophages (5, 6) , and (c) M-CSF stimulates the uptake and degradation of acetylated LDL, cholesterol esterification, and cholesterol efflux in human monocyte-derived macrophages (7) . These results suggest that M-CSF is involved in the lipid metabolism of the vascular wall and plays a significant role in the process of atherosclerosis.
Macrophages take up lipoproteins by receptor-mediated endocytosis, which is delivered to lysosomes for degradation (8, 9) . Lysosomal acidic cholesteryl ester (CE) hydrolase releases free cholesterol from cholesteryl ester (rich in cholesteryl linoleate) (1O) and then the free cholesterol is re-esterified in the cytoplasm by acyl-coenzyme A:cholesterol acyltransferase (ACAT). Chemical analyses have shown that cholesteryl oleate is the main subclass ofthe accumulated cholesteryl ester ( 11) . This is in marked contrast to the fatty acid composition of the cholesteryl ester in circulating LDL rich in cholesteryl linoleate. It has therefore been suggested that accumulated cholesteryl ester is synthesized endogenously by ACAT, a reaction that preferentially uses oleic acid as the reaction cosubstrate. The accumulated cholesteryl ester is not inert, but rather undergoes continual hydrolysis mediated by cytoplasmic neutral CE hydrolase ( 12) . These three enzymes, ACAT and neutral and acidic CE hydrolases, are believed to be responsible for the regulation of cellular cholesterol. In particular, the two hydrolytic enzymes may play an important role in controlling the net efflux of cholesterol in macrophages (13) . Recently, we have demonstrated that sustained administration of M-CSF to Watanabe heritable hyperlipidemic rabbits, an animal model for familial hypercholesterolemia, remarkably reduces the accumulation of cholesteryl ester in the aorta ( 14) . An increase in the CE hydrolase activity in macrophages after M-CSF treatment may be the mechanism that explains the reduction in cholesteryl ester accumulation. To further understand the role of M-CSF in the cellular metabolism ofcholesterol, we investigated the effects of M-CSF on the activities ofCE hydrolases in comparison with ACAT activity in human monocyte-derived macrophages.
Methods
Materials. [1-14C] were purchased from Du Pont-New England Nuclear (Boston, MA).
culturing human peripheral monocytes. Monocytes were isolated from the peripheral blood of a normolipidemic healthy donor using the Ficoll-Hypaque gradient method as described previously ( 16) . The separated mononuclear cells were washed three times with PBS and then suspended in RPMI-1640. Cells were plated in 35-mm dishes at a density of 2 X 106 cells/dish. After 2 h of incubation at 370C, nonadherent cells were removed by three washes with PBS. The cells were then placed in fresh medium containing 10% autologous serum and used as monocyte-derived macrophages after 9 d of culture ( 16) . For the measurement of enzyme activities, cells were cultured in the presence or absence of human recombinant M-CSF for the indicated days, and incubated with or without medium containing 100 Mg/ml acetyl LDL for 24 h after a 24-h preincubation with lipoprotein-deficient serum (LPDS). Based on the preliminary experiments, it was concluded that macrophages incubated with 100 Mg/Iml acetyl LDL yield a consistent level of accumulation of cholesterol ester in each experiment.
Acidic CE hydrolase activity. Acidic CE hydrolase activity was determined by the procedure of Haley et al. (17) . Cells cultured in 35-mm dishes were washed three times in cold PBS and scraped off dishes into sucrose buffer (10 mM Tris-HCl buffer, pH 7.5, containing 250 mM sucrose and 0.1 mM EDTA). Homogenates were prepared by sonication using a sonifier (model 250; Branson Ultrasonics Corp., Danbury, CT); 13 MM cholesteryl [1-14C] oleate served as the substrate suspended in a lecithin/digitonide dispersion. Substrate blanks were run under identical conditions with sucrose buffer in place of the enzyme. The final reaction conditions consisted of cell lysate, 1.27 mM lecithin, 12.7 MM cholesteryl oleate, 2.0 mM sodium taurocholate, 0.005% digitonin, and 50 mM sodium acetate buffer, pH 3.9. The reaction was terminated after 60 min at 37°C, and the unhydrolyzed substrate was extracted by addition of methanol/ chloroform/ heptane ( 1.4:1.3:1.0 vol/vol), followed by the addition of 50 mM borate buffer (pH 10.0). The mixture was then agitated and centrifuged to separate the phases. The amount of[ 14C]oleate in the aqueous phase was quantitated by scintillation counting of 500 Ml of supernatant. Aliquots of the cell homogenate were assayed for protein ( 18) ; acidic CE hydrolase activity is expressed as nanomoles of cholesteryl [1- '4C] oleate hydrolyzed per milligram of cell protein.
The expression of mRNA was studied as described previously ( 15 ) .
The 467-bp fragment of the human acidic CE hydrolase cDNA was prepared by reverse transcription coupled with PCR amplification with two oligonucleotide primers (sense: 5'-ACAGATCCCTGAGCT-GGCTA-3', antisense: 5'-TCCAGACTGCAGTCGGCACA-3') that were synthesized according to the published sequence of the human acidic CE hydrolase gene ( 19) Measurement ofcAMP content. Human monocytes were cultured in RPMI 1640 medium containing 10% FCS in 12-well plates for 7 d in the absence of M-CSF. 24 h after incubation with serum-free medium, the cells were further cultured in the presence of 100 ng/ml M-CSF for the indicated hours, and 1 mM l-methyl-3-isobutyl xanthine was added to the culture medium 20 min before the addition of M-CSF. Thereafter, the cells were washed three times with ice-cold PBS, and then 500 ,ul ice-cold isotonic buffer containing 10 mM Tris-HCl, 250 mM sucrose, and 1 mM EDTA, pH 7.3, was added. The cells were scraped using a rubber policeman, and 930 Ml ice-cold ethanol (final 65%) was added. After the mixtures were centrifuged at 2,000 g for 15 min at 4°C, the extracts were evaporated under a stream of nitrogen at 60°C and the resultant dried extracts were dissolved in 500 Ml buffer containing 50 mM acetate and 0.01% sodium azide, pH 5.8 (assay samples). cAMP contents of samples (100 ,l) were measured by the method described in the instructions of the cAMP [1251I] assay system (Amersham International, Amersham, UK).
Lipid extraction and cholesterol analysis. After a 24-h preincubation with LPDS, the cells were incubated with acetyl-LDL for 24 h at 37°C. After exposure to loading medium for 24 h, the cells were washed three times with PBS and then incubated in a medium consisting of RPMI 1640 medium containing cholesterol acceptor. After the indicated hours of incubation, cells were placed on ice and washed three times with cold PBS. Thereafter, the cellular cholesteryl ester was measured as described previously (7).
Results
Cholesteryl ester hydrolase activity. The activities of both acidic and neutral CE hydrolases were increased linearly during the first 7-9 d ofcell differentiation ofhuman monocytes to macrophages in the presence or absence ofeither acetyl LDL or M-CSF (Fig. 1 ). In the presence of acetyl LDL ( 100 ,ug/ml), the enzyme activity of acidic CE hydrolase was 2.1-fold that of neutral CE hydrolase (4.03 vs 1.96 nmol/h per mg cell protein), and M-CSF enhanced enzyme activities of both neutral and acidic CE hydrolases to 4.0-and 3.3-fold that without M-CSF on the ninth day of the cell culture, respectively (Fig. 1 ). In the absence of acetylated LDL, acidic CE hydrolase activity was less than that in the presence of acetylated LDL (2.41 vs 4.03 nmol/h per mg cell protein) and neutral CE hydrolase activity was greater than that in the presence ofacetylated LDL (4.35 vs 1.96 nmol/h per mg cell protein). Both activities were enhanced 1.8-and 2.9-fold, respectively, in response to M-CSF on the ninth day ofthe culture (Fig. 1 ). (Fig. 4) . Furthermore, we evaluated mRNA levels of acidic CE hydrolase on the ninth day of culture. In response to 100 ng/ml M-CSF or 100 ,g/ml acetylated LDL, mRNA of acidic CE hydrolase was significantly induced 48 h after culture of human monocyte-derived macrophages (Fig. 5) . The mRNA level of human f3-actin was similar in each preparation, as shown in Fig. 5 .
ACA T activity. During the differentiation of monocytes to macrophages, the enzyme activity of ACAT gradually increased and the maximal activity was observed on the seventh to ninth day of cell culture as shown in Fig. 6 . The enzyme activity was enhanced by the presence of acetyl LDL, and was increased 3.0-and 2.5-fold by 100 ng/ml M-CSF in the presence and absence, respectively, of 100 gg/ml acetyl LDL on the ninth day of culture (Fig. 6) . As with the CE hydrolase activities, the effect of M-CSF on ACAT activity was dose related, as shown in Fig. 6 . The time-related effect of 100 ng/ml M-CSF on ACAT activity in the absence of acetylated LDL in differentiated macrophages was also similar to the effect on CE hydrolase activity (Fig. 3) .
As the three enzyme activities were measured in identical cells, it is possible to evaluate the net effects of M-CSF on cellular cholesterol metabolism by calculating the ratio of CE hydrolase activity to ACAT activity. As shown in Fig. 7 , M-CSF increased the ratio 4.1-fold for acidic CE hydrolase activity and 5. 1-fold for neutral CE hydrolase activity in the presence of acetyl LDL, suggesting that M-CSF enhanced both CE hydrolase activities to a greater extent than ACAT activity. In the absence of acetyl LDL, the ratio for neutral CE hydrolase was increased 4.9-fold by M-CSF, although M-CSF had no effect on the ratio of acidic CE hydrolase. We evaluated the dose-related effects of acetyl LDL on the activity of three enzymes of macrophages (Fig. 8) . ACAT and acidic CE hydrolase activities were induced by the addition of acetyl LDL to the culture medium, whereas the presence of acetyl LDL suppressed the activity of neutral CE hydrolase. The effects of acetyl LDL on the enzyme activities were more prominent in these experiments than in other experiments as shown in Figs. 1, 2 , and 6. This discrepancy between experiments may be due to the differences in macrophages that were isolated from different donors.
Effect ofM-CSF on cAMP content in macrophages. It has been reported that neutral CE hydrolase activity is enhanced by cAMP-dependent protein kinase ( 12) . Therefore, we evaluated the possible involvement of the cAMP-dependent pathway in the enhancement of activities of acidic and neutral CE (Table I) . When human monocytes were cultured with 1 mM dibutyryl cAMP (dbc AMP) for the indicated days, neutral CE hydrolase activity was enhanced in a time-related manner but no significant effect on acidic CE hydrolase activity was found (Fig. 9 ). M-CSF (100 ng/ml) increased cAMP contents in macrophages in the absence of acetylated LDL ( Fig. 10, 
M-CSF (-) (-)
Acetyl-LDL (-) (+) (-) (+) (+) (-) (-) (+) Figure 5 . Northern blot analysis of acidic cholesteryl ester hydrolase mRNA isolated from human monocyte-derived macrophages. Human monocytes were cultured in medium containing 10% autologous serum with or without either 100 ng/ml M-CSF or 100 ug/ml acetyl LDL for 9 d. The medium was replaced every 3 d. Total RNA was extracted from monocyte-macrophages on the last day of culture by the acid guanidium thiocyanate-phenol-chloroform method. 10 ug of total RNA was electrophoretically fractionated on a 1% agarose gel and transferred to Hybond-N nylon membranes. The membranes were hybridized with labeled cDNA probe of either human acidic CE hydrolase or human f3-actin. Two experiments were performed using macrophages isolated from two different donors.
Cholesteryl Ester Hydrolase and Macrophage Colony-stimulating Factor 753 hydrolase activity in response to M-CSF, as shown in Fig. 3 , suggesting the involvement of the cAMP-dependent pathway in the enhancement of neutral CE hydrolase activity in response to M-CSF.
In the presence of 100 ng/ml M-CSF, 20MgM H89, an inhibitor ofcAMP-dependent kinase, suppressed the M-CSF-dependent increase in neutral CE hydrolase activity, whereas the effect of H89 on acidic CE hydrolase was minimal (Table II) .
Effect of M-CSF on cholesterol efflux. We previously reported that M-CSF stimulates cholesterol efflux in human monocyte-derived macrophages, and that macrophages take up acetyl LDL to a greater extent in the presence of M-CSF than in the absence of M-CSF when incubated with the same amount of acetyl LDL (7) . Since CE hydrolase and ACAT activities in macrophages were influenced by the loaded cholesteryl ester, macrophages in the presence of M-CSF were incubated with a smaller amount ofacetyl LDL than those without M-CSF to obtain a similar cellular accumulation ofcholesteryl ester in macrophages. Thus, in macrophages accumulating a similar amount of cholesteryl ester, we estimated the cholesterol efflux in the presence or absence of M-CSF. As shown in Fig. 11 , M-CSF definitely increased the efflux of cholesteryl ester from macrophages compared with that in the absence of M-CSF.
Discussion
The activities of acidic and neutral CE hydrolase and ACAT were induced during monocyte differentiation to macrophages, and were enhanced by M-CSF. To augment these enzyme activities, monocytes were incubated for at least a few days. We have recently demonstrated that scavenger receptor activity is enhanced 2 d after the culture with M-CSF (7); likewise, other functions of macrophages were also enhanced by M-CSF after a long incubation period (23) (24) (25) (26) . We also reported that scavenger receptor activity is induced along with the maturation and differentiation of cells from monocytes to macrophages, whereas LDL receptor activity is diminished during their differentiation (7) . M-CSF is a cytokine that stimulates the maturation and differentiation of monocyte-macrophage lineages ( 1, 2) , suggesting that increased activity of the three enzymes in response to M-CSF is related to the enhanced maturation and differentiation of macrophages. The regulation ofCE hydrolase activities is not fully understood. Hormonal regulation of neutral CE hydrolase activity is known in some tissues (21, 27) and it has been reported that this enzyme activity is enhanced by cAMP-dependent protein kinase ( 12) . We demonstrated that neutral CE hydrolase activity was enhanced by dibutyryl cAMP and inhibited by cAMPdependent protein kinase inhibitor, H89. Furthermore, we demonstrated that the time-related change of the cAMP content in macrophages in response to M-CSF was similar to that of neutral CE hydrolase activity. These results suggest that the cAMP-dependent pathway is involved in the enhancement of neutral CE hydrolase activity. On the other hand, the TPA-dependent pathways such as protein kinase C were not involved in the enhancement of enzyme activities since both CE hydrolase activities were not influenced by the addition of TPA.
Increased acidic CE hydrolase activities have been reported in rabbit arterial foam cells ( 17) and rabbit atheromatous aorta (28) compared with normal aortic cells and normal aorta, respectively. On the other hand, cholesterol enrichment reduces acidic CE hydrolase activity in rabbit arterial smooth muscle cells (29) . Our acetyl-LDL (-) 4 6 Incubation time (day take up acetyl LDL ( 13) . This result is in accordance with the current findings demonstrating that the enzyme activity is reduced in the presence of acetyl LDL in human monocyte-denved macrophages. It is well known that ACAT activity in macrophages is enhanced when the cells accumulate an excessive amount ofcholesterol (22) ; this was confirmed in the present study. This ACAT activity enhancement is considered to be due to the increased availability of cholesterol.
Early atherosclerosis is characterized by the presence of macrophage-derived foam cells which accumulate lipoproteincholesteryl ester. It is suggested that at least five cellular mechanisms play a role in determining the amount of cholesteryl esters that accumulate in macrophages (13) . These include: (a) the uptake of lipoprotein-cholesteryl ester through specific receptors, (b) hydrolysis of lipoprotein-cholesteryl ester by a lysosomal enzyme (acidic CD hydrolase), (c) ACAT activity, (d) hydrolysis of cytosolic cholesteryl ester by a nonlysosomal enzyme (neutral CE hydrolase), and (e) mediation of the active excretion of cholesterol derived from the nonlysosomal hydrolysis of cytosolic cholesteryl ester. We have recently reported that M-CSF enhances the cholesterol efflux from cholesterol-loaded macrophages without HDL (7) . Cellular cholesterol efflux is regulated not only by excretion across the cell membrane, but also by activities ofCE hydrolases. An increase in CE hydrolase activities as we demonstrated may represent the mechanism that explains the enhanced cholesterol effilux from macrophages in response to M-CSF. terol acceptor in the vascular wall such as HDL or another protein interrupts this cycle, causing promotion of the net hydrolysis and subsequent excretion ofthe stored cholesteryl ester (30) (31) (32) . This net hydrolysis is achieved by a combination of the re-esterification of cholesterol and hydrolysis of cholesteryl ester. In this study, M-CSF-enhanced activities of both ACAT and CE hydrolases were observed in the presence or absence of acetyl LDL in human monocyte-derived macrophages. We therefore calculated the ratio ofCE hydrolase to ACAT activity to estimate the net hydrolytic activity. Since we found increased ratios ofboth acidic and neutral CE hydrolase activities to ACAT activity, it can be considered that M-CSF increased the net hydrolytic activity of cellular cholesteryl ester.
Our recent study demonstrated that M-CSF reduces the rate of atherogenesis in Watanabe heritable hyperlipidemic rabbits without a significant change in the plasma cholesterol level ( 14) . In particular, accumulation of cholesteryl ester in the aorta was extremely low in M-CSF-treated animals, although we previously reported that M-CSF enhances not only the efflux of loaded CE but also the uptake of acetylated LDL in human monocyte-derived macrophages (7) . However, we cannot directly compare the in vitro effects of M-CSF, such as the enhanced uptake of acetyl LDL, with the in vivo effect of M-CSF because it is difficult to estimate the amount of modified LDL generated in the vascular wall, which may be much less than that used in the in vitro experiments. Our in vivo results indicated that the mechanism of CE efflux rather than that of CE influx is relatively enhanced by M-CSF ( 14) . Taken together with our current results, the important function of M-CSF in cellular cholesterol metabolism may be the M-CSFinduced increase in the net hydrolysis of cholesteryl ester in foam cells, which leads to the reduction ofthe accumulation of cholesteryl ester in the arterial wall.
